Correlated anion and cation motion can significantly reduce the overall ion conductivity in electrolytes versus the ideal conductivity calculated based on the diffusion constants alone. Using coarse-grained molecular dynamics simulations, we calculate conductivity and the degree of uncorrelated ion motion in salt-doped homopolymers and block copolymers as a function of concentration and interaction strengths. Calculating conductivity from ion mobility under an applied electric field increases accuracy versus the typical use of fluctuation dissipation relationships in equilibrium simulations. In typical electrolytes, correlation in cation-anion motion is often expected to be reduced at low ion concentrations. However, for these polymer electrolytes with strong ion-polymer and ion-ion interactions, we find correlations are increased at lower concentrations when other variables are held constant. We show this phenomenon is related to the slower ion cluster relaxation rate at low concentrations rather than the static spatial state of ion aggregation or the fraction of free ions.
Introduction
Ion-containing polymers are attractive materials for use as battery electrolytes due to their mechanical robustness, electrochemical stability, and low flammability. Their ion conductivity and other material properties depend on a variety of experimentally tunable parameters such as polymer dielectric strength, architecture, and ion types. 1, 2 The diffusion of ions as a function of polymer segmental dynamics, solvation site connectivity, and other factors has been extensively studied. [3] [4] [5] [6] [7] However, since the transport of neutral ion clusters does not contribute to energy generation, correlation in cation and anion motion must also be understood to fully capture ion conductivity. It has been shown that conductivity in polymer electrolytes can vary significantly from the Nernst-Einstein limit, which is based solely on ion density and ions' self-diffusion constants. [8] [9] [10] Correlation in ion motion has been studied using various types of experimental methods, and different definitions and terminologies are used to describe features of polymer electrolytes related to their correlated ion motion and conductivity. In particular, the degree of ion association/dissociation [11] [12] [13] [14] , "effective charge", 15, 16 and Haven ratio (ratio between ions' diffusion constant and mobility, equivalent to fractional deviation of conductivity from the Nernst-Einstein equation) 17 are key properties that can shed light on ion correlation, yet do not directly correspond to each other. The terms ion association or ion dissociation refer to the spatial state of ionic aggregation (a structural property), whereas the latter two describe the extent to which the motion of an ion affects another. In fact, results from this work and prior simulations have shown that analyzing structural ionic aggregation, without considering the continual redistribution of ions, does not allow one to completely explain ion conductivity. [18] [19] [20] [21] Many efforts are underway to better understand and quantify ion motion and relate it to factors relevant to optimizing electrolyte performance. Experimentally, a cluster of studies focused on transference number (t + , fraction of conductivity contributed by the cation) and showed that ideal t + calculated from self-diffusion constants, based on pulsed-field-gradient nuclear magnetic resonance (NMR) measurements, significantly differs from t + calculated from approaches with correlated ion motion taken into account. [22] [23] [24] The difference between various definitions of t + is also evident in computational work, 18, 25, 26 highlighting the importance of understanding correlation in ion motion.
Importantly, recent computational studies show that the fractional deviation of conductivity from the Nernst-Einstein equation (denoted as Λ/Λ N E in the present work and often called the degree of uncorrelated ion motion in simulation work) can be enhanced by increasing polymer dielectric constant (polarity), which can improve the overall conductivity. [27] [28] [29] Some work also investigated the separate contributions from the various types of cross correlation terms to the total ionic conductivity (overall correlations can be divided into cation-cation, anion-anion, and cation-anion correlations). 18, 30, 31 Despite the abundance of computational work on conductivity, accurate and efficient measurement of conductivity from molecular dynamics simulations remains challenging. Conductivity can be directly calculated, including effects of correlated ion motion, from equilibrium simulations with the use of fluctuation dissipation relationships. However, this approach typically introduces a large statistical uncertainty from measuring the collective displacement of ions. Unphysical overall Λ/Λ N E values larger than 1.0 were sometimes encountered, apparently due to the poor statistics. 28, 29, 32, 33 Several methods have been used to reduce statistical noise in the conductivity calculation such as 1) using only the short-time scale data to allow for significant averaging and because the collective ion migration terms tend to fluctuate wildly at long time scales, 7, [27] [28] [29] 32, 33 2) considering ion clusters as noninteracting charge carriers and applying the Nernst-Einstein equation with the diffusion constants and net charges of the different types of ion clusters, 34 and 3) measuring ion mobility from nonequilibrium simulations with an external electric field. 31, [35] [36] [37] [38] Prior studies have compared conductivities estimated by different methods for several specific systems. [38] [39] [40] Here, we present a side-byside analysis of ion correlations in a variety of systems calcuated by nonequilibrium versus equilibrium methods, including those in a control system with Λ/Λ N E =1, to clearly assess the accuracy and efficiency of these methods.
In our previous work, we applied our newly-developed model (with a 1/r 4 potential form to represent ion solvation) to study the effect of molecular weight on ion diffusion constant in salt-doped homopolymer and block copolymer electrolytes. 7 In this study, we apply the same model to probe ion conductivity and ion correlation in both salt-doped homopolymer and block copolymer systems. We note that we focus on Λ/Λ N E to study correlated ion motion in this work, and the transference number will be probed in further work.
First, we measured Λ/Λ N E in toy systems of salt-doped polymers in which no Coulomb potential between ions was applied, using both equilibrium and nonequilibrium methods.
In particular, for the nonequilibrium method, we applied an electric field in one direction (aligned along lamellae in the case of block copolymers), which allows us to directly calculate both ion mobility and diffusion constant from ions' displacement parallel and perpendicular to the electric field, respectively. We ensured the field is low enough that the systems are in the linear response regime while still allowing for mobility high enough to measure accurately in the timescale of the simulation. Then, we probed how Λ/Λ N E relates to Coulomb strength and ion concentration. Fraction of free ions, polymer, and cluster relaxation rates were also calculated to help explain the trends in ion motion correlation. Finally, we studied the effects of ion-monomer and ion-ion solvation strengths on ion correlation and ion conductivity at various amounts of salt loading. By elucidating how these key factors affect ion conductivity, we hope to suggest design rules to optimize conduction in future materials.
Methods

Simulation Model
The coarse-grained model we use is based on that of Refs 7,41, which includes standard Kremer-Grest bead-spring chains with equal amounts of anions and cations added. 42 Both salt-doped homopolymer (HP) and block copolymer (BCP) systems are studied, where each chain has a total of 20 and 40 monomer beads, respectively. Homopolymer chains consist of only type A monomer beads, giving a fraction of A monomers (f A ) of 1. Block copolymer chains contain equal amounts of two monomer types, A and B, with f A = 0.5. Bonded monomers are subject to the finitely extensible nonlinear elastic (FENE) potential:
in which r is the distance between the two monomers and the spring constant k = 30 /σ 2 and the maximum distance between two bonded beads R 0 = 1.5 are standard values chosen to avoid chains crossing each other. All beads interact via the Leonard-Jones (LJ) potential:
where the cutoff distance r c = 2 1/6 σ. All beads have a diameter of σ ij = 1.0σ and unit mass.
The LJ interaction strength ij = 1.0 for all interactions other than A-B interactions, and AB = 2.0 so that the interaction is unfavorable enough for the block copolymer system to microphase separate. 7 A wide range of ion concentration were tested, reported as the number ratio of cations to A monomers [+]/[A] = 0.006, 0.013, 0.026, 0.052, 0.104, 0.156, and 0.208.
Ion-ion interactions include the Coulomb potential:
where q i and q j are individual charges of the interacting ion pairs (+1e or −1e), 0 is the vacuum permittivity, and r is the dielectric constant of the medium. We report Coulomb strength in terms of the Bjerrum length l B = e 2 /(4π 0 r k B T ), the distance between two electron charges at which their electrostatic potential is comparable in magnitude to the thermal energy scale k B T . We report results in standard reduced LJ units (lengths are in units of the monomer diameter σ and energy is in units of k B T = , the LJ interaction strength between same type monomers). To map to real experimental systems as reference, we can follow the same approach as in Refs 7,41: we consider polyethylene oxide (PEO) at T = 400K as the conducting phase, which has a dielectric constant r ≈ 7.5. 43-45 With 1.0σ (the contact distance between a cation and an anion in our simulations) being mapped to 0.7nm (the distance from Li + to the center of a bis(trifluoromethylsulfonyl)imide anion (TFSI − ) in PEO), 46 the Bjerrum length l B ≈ 8σ. Below, l B = 8 is used for all the simulations unless otherwise noted. To explore the Coulomb strength effects on ion dynamics, we also simulate systems with l B = 0σ, 4σ, and 12σ. In the case of l B = 0σ, the Coulomb interaction between ions is not applied, however, they are still identified as cations or anions by their "charge" and we analyze them as such in calculations. The dielectric constant is the same throughout the simulation box even for microphase separated block copolymer systems;
effectively, we assume ions interact as though they are only in the conducting phase, given that in the experimental systems of interest they are strongly segregated to the conducting phase. As motivated and described in our prior work, additional ion-monomer and ion-ion solvation interactions that drive this segregation to the conducting phase are also applied:
where the cutoff distance r c = 5σ. The solvation strength S ij is always the same between certain types of beads: S AA = S AB = S BB = 0 , S A+ = S A− = S A± , S B+ = S B− = S B± , and S ++ = S +− = S −− = S ±± , with the + subscript referring to cations and the − to anions.
The solvation strength difference between A and B phases is denoted as
This difference is expected to be the relevant factor in setting the structure of the block copolymer system, rather than either ion-monomer solvation parameter alone. Based on the dielectric constant of the host polymer and ion size (which is 1σ throughout the work), the Since it is not the goal of this work to match exactly the chemical details of certain systems, we do not directly apply the above solvation parameters for computational efficiency, allowing us to simulate a wide range of systems to better understand the parameter space (system dynamics can be significantly slowed down due to strong ion solvation, as shown in the Supporting Information). Instead, we scaled down the parameters but kept large enough S A± for correct ion diffusion trend as well as large enough ∆S so that ions are mostly segregated to the A phase (see Supporting Information for more detail). We also kept S A± = S ±± to avoid the diluent effect (the addition of ions inherently dilutes the system) that can potentially lead to incorrect ion diffusion trend in block copolymer system at high concentrations. Such effect can come into play at high ion concentration when ionion interactions become significant, if these are less favorable than ion-A interactions. Here, we use S A± = S ±± = 2.7, S B± = 2.3 (∆S = 0.4) for all systems unless stated otherwise.
To probe how the solvation strengths impact ion transport, we also tested systems with S A± = 2.0 − 3.5, S ±± = 0 − 3.0, and ∆S = 0.8 − 1.2.
The LAMMPS simulation software is used for all the simulations in this study. 50 Snapshots are visualized with the VMD software. 51 Following the same procedure from our pre-vious studies, 6,7,52 homopolymers were initialized as random walks, while block copolymer systems were initialized as random walks within the constraint of a lamellar morphology.
Ions were randomly added in the whole simulation box for homopolymer systems or in the A phase for the block copolymers. Initial overlap between monomers was eliminated using a short soft push-off phase preceding equilibration. The simulations were then equilibrated in a NPT ensemble at temperature T = 1.0 /k B and pressure P = 5.0 σ −3 for 5 × 10 4 τ using Nosé-Hoover thermostat and barostat, both with a damping parameter of 5.0τ . For homopolymer systems, the barostat coupled the three dimensions of the box to keep a cubic box. For block copolymer systems, the barostat coupled x and y box dimensions to each other to keep a square cross section and allowed the z box length (perpendicular to the lamellae) to fluctuate independently so that each system could reach its equilibrium lamellar domain spacing. We calculated polymers' mean squared displacement (MSD) and ensured they had moved more than a few times their radius of gyration on average; this is one measure that the polymers likely had explored various conformations and approximately reached an equilibrium conformational state. Subsequent to the NPT equilibration, we fixed the box size using the average spacing and density obtained from the last 5 × 10 3 τ of the NPT run.
The system was then simulated in the NVT ensemble (under the same conditions except with no barostat) for 5 × 10 4 τ . During this time the systems reach the Fickian (diffusive) regime. The system was then simulated for 6 × 10 5 τ to collect data for dynamic analysis. A time step of δt = 5 × 10 −3 τ was used throughout this work. The simulation outputs were saved every 100τ for structural analysis as well as for conductivity calculation, while for ion cluster and polymer relaxation rate analysis, data were saved at timesteps of every power of 2 starting from 2 and 3 such as 2 1 , 3, 2 2 , 3 × 2 1 , 2 3 , 3 × 2 2 , etc., up to ≈ 3940τ , at which point the logarithmic spacing repeated.
To compare conductivity and correlation results between equilibrium MD (EMD) and nonequilibrium MD (NEMD) simulations, we ran 8 systems from different initial configurations at l B = 0σ and 8σ and at various salt loadings. For NEMD simulations, we apply an external, static electric field E in the x-direction in units of σ/(k B T e), which gives an additional force q i Ex on ion i (this force is applied even when Coulomb interactions are turned off for the l B = 0σ case). The electric field was turned on at the beginning of the NVT run, allowing the systems to be under the field for 5 × 10 4 τ before data collection. The thermostat in the direction of the field was turned off as in prior studies. 35, 53 We note there is no extra equilibration procedure for NEMD systems comparing to those of EMD, so the total equilibration time is the same for both methods for a fair comparison.
For both EMD and NEMD simulations, the ion MSD was block averaged over 2 − 12 nonoverlapping trajectories depending on the system dynamics (depending on whether breaking the trajectory into shorter blocks still allows it to conform to the metric we set below to ensure it is in the Fickian regime). The diffusion constants were obtained using the slope from a least squares linear fit of the last decade of logarithmically spaced MSD(t) data (only data at every power of 2 starting from 200, 300, 500, and 700τ in each block were used for the fitting). For example, for the slowest systems in which the total time of 6 × 10 5 τ is split into only two blocks and averaged to create data up to a time of 3 × 10 5 τ , the data from 3 × 10 4 − 3 × 10 5 τ is fit. The log-log slopes of all systems' MSD(t) curves are in range of 0.98 to 1.02. In addition, for NEMD simulations, the ion drift velocity was block averaged and fitted the same way. The log-log slopes of all systems' ion drift velocity versus time curves are in range of 1.96 to 2.04. The calculation of these ion transport properties is detailed in the next section.
Ion Conductivity and Degree of Uncorrelated Ion Motion
Equilibrium Method
To probe the ion correlations in EMD, both the Nernst-Einstein molar conductivity Λ N E and the true molar conductivity Λ were calculated. We also have reported the Nernst-Einstein total conductivity λ N E as well as the true total conductivity λ. We note that Λ N E and Λ reported in this work are calculated on a per-ion basis; they are not in per-mol units but are proportional to the actual "molar" conductivity. The Nernst-Einstein molar conductivity can be calculated by
where V is the system volume, N ion is the total number of ions, ∆r i (t) = r i (t) − r i (0) is the displacement of ion i between time t and time 0, ∆r i (t) 2 is the MSD (after subtracting the total system center of mass displacement) of ion i at time t, d is the number of spatial dimensions over which the MSD is considered, and D + and D − are the diffusion constants of cations and anions, respectively. In EMD, d = 3 for HP and d = 2 for BCP (the z-direction is not taken into account as it is perpendicular to the interface that hinders ion diffusion).
The second equality is based on the Einstein relation:
where D is the diffusion constant of both cations and anions; in this work, D + = D − = D as cations and anions are identical except that they have opposite charge.
The true molar conductivity can be calculated with collective ion displacement taken into account using the fluctuation-dissipation relation in EMD: 21, 54 
Thus, the ratio Λ/Λ N E or the degree of uncorrelated ion motion in EMD can be calculated as follows:
where ∆r(t) 2 is the MSD of all ions; ∆r +,com (t) and ∆r −,com (t) are the center of mass displacements of cations and anions, respectively. This ratio represents the proportion of all the terms in the collective displacement to only the self-correlation term. While the average of the self-correlation term is simply the MSD, the average of the collective displacement can be simplified as the difference in cations' versus anions' center of mass displacement.
It is thus intuitive that the collective term has larger fluctuations than the self-correlation term, which involves a squared quantitiy that is positive for each ion and averaged over all ions. As an representative example, the two terms needed to calculate Λ/Λ N E in EMD are individually plotted as a function of time in Figure 1 . 
Nonequilibrium Method
We apply an external, static electric field E in the x-direction. At long times, ions have a steady state drift velocity along the parallel direction of the field. The drift velocity can be calculated from v
where E denotes an ensemble average in NEMD where an electric field E is applied in the xdirection, 0 denotes an ensemble average in EMD at zero field; ∆r (t) 2 E and ∆r ⊥ (t) 2 E are the directional MSDs of all ions in the parallel and perpendicular directions to the field, respectively. Instead of using the first relation that requires two simulations to be conducted, we calculated the drift velocity with the second relation as the field has no effect on the MSD in the perpendicular direction. Since the electric field is in the x-direction,
E . In Figure 2 , we plot ∆r (t) 2 E and ∆r ⊥ (t) 2 E as a function of time for an example system at various electric field strengths E = 0.05-0.20, which at sufficiently long times reach log-log slopes of 2 and 1, respectively. To obtain drift velocity v x , the long time logarithmically spaced data is fitted to a + bt 2 , where a and b are fitting parameters The average ion mobility µ can then be obtained by
We are interested in µ in the linear response regime, in which the system's behavior is not significantly disrupted from its equilibrium behavior, other than the ions' drift in response to the field. Thus, it is necessary to check whether the drift velocity is linear with respect to E; in this case, value of µ does not depend on E. We found that our systems are well in the linear response regime across a wide range of ion concentrations and Coulomb strengths, as shown in the Supporting Information.
The molar conductivity can be directly calculated from mobilities using
where µ + and µ − are cation and anion mobilities, respectively (µ + = µ − = µ in this work).
Then, Λ/Λ N E in NEMD is the ratio between eq 11 and eq 5, equivalent to
where the diffusion constants, D + and D − , are calculated from eq 6 using y-and z-directional MSD for HP and y-directional MSD for BCP. We note that the MSDs used to estimate diffusion constant have one degree of freedom less than those in EMD.
Ion Cluster and Polymer Relaxation Rate
To show the ion cluster and polymer dynamics, we calculated the cluster autocorrelation function, ACF cluster and monomers' self-intermediate scattering function, S(k, t). We define
where C ij (t) = 1 if the beads i and j are in the same cluster at both time t and at time 0, and C ij (t) = 0 otherwise; the sum is over all ions and normalized to be 1 at time 0. In line with prior work, ions were considered in the same cluster if they were within 1.05σ from any other ions in the cluster, and the initial data before 0.15τ was removed for better fitting (neglecting the rapid decorrelation at very short times).
We also calculated the self-intermediate scattering function by
where N mon is the number of monomer beads, k is the scattering vector with a magnitude of k. We set k = π so that S(k, t) decayed slowly enough for good fitting. Both 
Results and Discussion
Equilibrium vs Nonequilibrium Method
As a first step to assess the accuracy and reliability of conductivity calculation from both equilibrium and nonequilibrium methods, we calculate Λ/Λ N E for toy systems with no and the means converge closer to 1 as more data is averaged over, there is a persistent error even at the longest times considered here. However, Λ/Λ N E from NEMD is significantly faster to converge to 1 with small error compared to that from EMD. We note that, due to the concurrent calculation of D and µ by assessing motion perpendicular and parallel to the field, the NEMD and EMD simulations are run for the same total time. Applying the field has negligible effect on the calculation time. The calculation of µ as a function of E to ensure the system is in the linear response regime, however, is an additional step required for NEMD. This assessment did not take very long compared to the overall simulation time (see the Supporting Information). In short, the toy model results show that calculating conductivity from nonequilibrium method is rather accurate and reliable.
We then computed Λ/Λ N E at l B = 8σ using both methods, as shown in Figure 3c 
Ion Transport Properties from NEMD
After validating the conductivity calculation on a set of systems above, we now use the NEMD method to analyze ion transport in a variety of salt-doped polymer systems; specifically, we probe the effects of Coulomb and solvation interactions on ion transport by separately adjusting l B , S A± , and S ±± . We note that the mapping approach discussed in the Simulation Model section implies that l B and S A± are not independent (both depend on the dielectric constant of the A phase), but we vary them separately here to show the effects of these parameters. All results from the following sections are from NEMD simulations with ion conductivity directly calculated from ion mobility. l B = 0σ, λ plateaus at high concentrations, whereas at l B = 8σ, λ is nonmonotonic, which matches experiment. 10, 55 We note that the conductivity of BCPs is typically smaller than that of HPs, as expected from prior work. 55, 56 The BCP conductivity becomes similar to that of HPs at high concentration at l B = 0σ, which might due to ions partly mixing in the nonconducting B phase at high concentration, as shown in Figure 4c which can be attributed to the formation of larger ion clusters and will later be discussed).
Effects of Coulomb strength
Linear Λ N E behavior is somewhat expected as Λ N E is mainly determined by the ion diffusion constant, which is known to be linear versus ion concentration on a log scale. 32 A cross symbol is used to present an approximate result for the system at l B = 12σ and [+]/[A] = 0.052.
Around this intermediate salt loading and strong Coulomb strength, the system appears to be macrophase separating. Specifically, large ion-rich and ion-poor regions are observed, and depending on whether the ion-rich region is connected from one side of the box to the other, the conductivity measurement can vary. Without assessing different box sizes to understand the overall structure of a macroscopic system, which we have not done, we cannot be confident in the bulk conductivity for this system. For the approximate result shown, we used the average from two samples where the ion-rich region is connected through the box in the parallel and perpendicular directions to the electric field, respectively (see the Supporting Information for more detail). The conductivity data from this system is consistently represented by the cross symbol throughout the work. However, in terms of the structural results, cluster relaxation rate, and polymer relaxation rate, the data do not depend significantly on the overall morphology of the ion-rich region. Thus, we have included this system as a data point in our other results. Figure 5c summarizes the degree of uncorrelated ion motion for each system, the ratio Λ/Λ N E . As expected, increasing Coulomb strength increases ion correlations (decreases Λ/Λ N E ). Interestingly, we find that Λ/Λ N E is generally lower at low ion concentrations (except for l B = 0σ where it has to be 1.0 regardless of salt loading), indicating that ion motion is more correlated at low concentrations. This contradicts the general understanding in typical electrolytes that ion motion is less correlated at low concentrations due to the screening of solvent, and is more correlated at high concentrations as large ion clusters can form. 34 While it is theoretically true that ion motion should become uncorrelated in the dilute limit as ions are spread far apart, we speculate that ion concentration would have to be extremely low for ion correlations to be negligible in these salt-doped polymers with strong ion-polymer and ion-ion interactions. Nonetheless, a similar trend of ion correlations has also been reported in studies of ionic liquid electrolytes 58 and nonaqueous polyelectrolytes. 18 In the latter work, the contribution to conductivity from cation-anion correlated motion is more negative at lower ion concentration. 18 To probe the underpinnings of these results, we analyze ion cluster and polymer relaxation rate. we found little difference in these relaxation times between HP and BCP systems, and we show only the HP results for the following sections To separately study ion and polymer dynamics, we calculated cluster relaxation rate τ −1 cluster and polymer relaxation rate τ −1 polymer from the ion cluster autocorrelation function and monomers' self-intermediate scattering function. These results are shown in Figure 6 .
We find that increasing salt loading or Coulomb strength generally lowers τ −1 cluster . However, τ −1 cluster also decreases in the lower concentration regime at strong Coulomb strength, leading to a nonmonotonic trend. As detailed in the Supporting Information, we obtained similar nonmonotonic results using different definitions of ion cluster relaxation rates that have been reported to be related to ion conductivity. 59, 60 On the other hand, the behavior of τ −1 polymer with concentration is linear on a semi-log scale and is almost independent of Coulomb strength, signifying polymer dynamics mainly depend on salt loading rather than ion dynamics (until very high concentration). We also find that τ −1 polymer is proportional to ion diffusion (in the Supporting Information) or Λ N E (Figure 5b ) across various systems. This is similar to recent experimental results showing that, even in samples with inhomogeneous salt distributions, the product of lithium ion diffusion and polymer relaxation time is temperature-independent in lithium salt-doped poly(propylene glycol). 61 We then normalized cluster relaxation rate by polymer relaxation rate, as shown in Figure   6c . The normalized cluster relaxation rate versus concentration is flat at l B = 0σ, indicating that ion dynamics is highly dependent on polymer dynamics for ions with no electrostatic interactions. However, the normalized rate reduces with increasing Coulomb strength and decreasing ion concentration for other systems. Interestingly, we find the behavior of the normalized cluster relaxation rate highly resembles that of Λ/Λ N E , shown in Figure 5c . The result suggests that the correlation in ion motion is closely related to how long ion clusters remain intact, and is in line result from Ref. 18 where correlated cation-anion pairs were found to be able to travel longer distances with decreasing concentration despite the reduced fraction of ion pairs. The relationship between Λ/Λ N E and cluster relaxation rate will further be discussed in the following sections. The cation-anion motion correlation behavior with concentration shown in Figure 5c is somewhat nonintuitive as one would expect that the fraction of free ions would decrease (or the cluster size to increase) as salt loading increases and that this would increase correlation in ion motion. To fully understand the trend, we analyzed a variety of structural properties of systems with different Coulomb strengths, as shown in Figure 7 . Indeed, we find the fraction of free ions decreases and the average ion cluster size increases with growing ion concentration regardless of Coulomb strength (Figure 7b) We also consider ion structure by comparing the cation-anion radial distribution function, g +− (r), at different salt loadings and Coulomb strengths in Figure 7 , along with snapshots.
At l B = 0σ (Figure 7c ), systems at various salt loadings share a similar first peak height, denoted as g +− (r * ). Only at very high concentration does g +− (r * ) slightly increase, potentially due to the relative saturation of available sites for ion-monomer contact leading to some ion-ion contact. On the other hand, at l B = 12σ (Figure 7d ), g +− (r * ) varies significantly with salt loading; specifically, the first peak height is higher at low concentrations. Figure   8 shows the height of the first peak in g +− (r) at different Coulomb strengths. Increasing Coulomb strength significantly increases the peak in the low concentration regime, and then the peak height plateaus after [+]/[A] = 0.1 for all systems. Interestingly, we find the peak height, a structural measure of the amount of ion contacts, is related to cluster dynamics, specifically to the normalized cluster relaxation rate. In fact, all data points can be approximately collapsed on a single curve (inset figure) when plotting g +− (r * ) versus normalized cluster relaxation rate. To further understand how ion motion correlation connects to other properties, we first plotted Λ/Λ N E versus normalized cluster relaxation rate, as shown in Figure 9a . A strong correlation was found between the two properties across all systems regardless of Coulomb strength and ion concentration, indicating correlated ion motion is closely related to cluster dynamics. Because normalized cluster relaxation is also related to the height of the first peak of g +− (r), this also means that g +− (r * ) predicts Λ/Λ N E . However, the normalized cluster relaxation better explains the Λ/Λ N E data, especially for BCP systems whose g +− (r * ) is apperently affected by ion structure near interfaces (see the Supporting Information).
One may also expect conductivity to be related to the free ion content or ion dissoci-ation. As a result, we have also plotted Λ/Λ N E against fraction of free ions at different Coulomb strengths and ion concentrations. Surprisingly, there is a negative correlation between Λ/Λ N E and fraction of free ions as a function of ion concentration at each Coulomb strength above 0 (Figure 9b) . These results show that ion motion can be less correlated when the fraction of free ions is lower (corresponding to higher concentrations and ions being more clustered), which is counterintuitive as ion agglomeration is often considered to deteriorate the ion transport. Apparently, the strength of the local ion association as quantified by g +− (r * ) or normalized cluster relaxation time is a better predictor of conductivity than the fraction of free ions. 
Effects of ion-monomer and ion-ion solvation strength
We now probe the effects of ion-monomer solvation interaction on ion conductivity by adjusting ion-monomer solvation strength S A± and holding other variables constant. As shown in Figure 10a , ion diffusion constant decreases and Λ/Λ N E increases with increasing S A± . In line with the results of Wheatle, Lynd, and Ganesan in Ref. 28 , we also find that stronger ion-monomer interaction reduces correlated ion motion but slows polymer dynamics as well as ion diffusion. Figure 10b shows molar conductivity Λ as a function of S A± at different ion concentrations. Increasing ion concentration increases Λ/Λ N E but decreases diffusion constant and Λ N E . Overall, Λ tends to peak at intermediate ion-monomer solvation strength.
Significantly, we find the peak shifts to lower S A± with increasing ion concentration. As detailed in Supporting Information, at higher concentration, the detrimental effect of retarded ion diffusion becomes more influential than the conducitvity-promoting effect from reduced ion correlations. The peak shifting suggests that the potential materials design strategy of improving ion conduction by using polymers with higher dielectric constant (strengthening ion-monomer interaction) will have limited effectiveness at high salt loading. Instead, ion conductivity at high concentrations is mainly limited by the diffusion constant for the systems considered here. We also show the effects of ion-ion solvation strength S ±± on ion transport in the Supporting Information. Nonzero S ±± can be chosen because some ions may be bulky, polarizable molecules and thus "solvate" other ions in addition to interacting with them through the Coulomb potential. As intuitively expected, increasing S ±± not only slows ion diffusion but also intensifies correlations in ion motion (see the Supporting Information). Thus, the molar conductivity decreases monotonically with larger S ±± . However, we postulate that this might not be the case if there were a significant size disparity between cation and anion.
With small cations, their strong complexation with monomers may be the main factor acting to impede their diffusion, and we hypothesize it may be possible to mitigate this effect by including stronger interactions with anions, leading to a situation in which increasing cation-anion interactions can increase diffusion in a particular range of parameter space. We hope to explore these possible effects in future work.
The total conductivity λ and other transport properties were measured for several selected systems with different S A± and S ±± values across a wide range of ion concentration, as shown in Figure 11 . We find that tuning ion-monomer or ion-ion interactions leads to different total conductivity versus ion concentration results: 1) Increasing S A± reduces ion motion correlation as discussed earlier, yet slows ion diffusion, especially at high concentrations. The resulting λ remains similar with stronger ion-monomer interactions in the lower concentration regime due to competing effects between reduced diffusion constant and more uncorrelated ion motion. However, λ decreases in the higher concentration regime. 2) Increasing S ±± causes less uncorrelated cation-anion motion as well as slower ion diffusion; λ shifts down to a similar extent at all concentrations.
We note that we expect the trend in HPs shown here to be similar as that in BCPs based on the results in Figure 5 that both ion diffusion and Λ/Λ N E trends are similar for HP and BCP systems (except the diffusion constant in BCP is always smaller). In addition, from our previous studies, 
Ion Correlations in Low and High Concentration Regimes
Conclusions
We perform MD simulations with an applied electric field to calculate ion conductivity directly from ion mobility. By assessing a toy model where no electrostatic potential exists between ions, we show that it is more accurate and efficient to calculate ion conductivity and ion correlations from the nonequilibrium method than the typical use of fluctuation dissipation relationships in equilibrium simulations. After validating the accuracy, we use this method to further probe the effects of ion-ion and ion-monomer interactions on ion transport across a wide range of ion concentrations with our recently-developed model (with a 1/r 4 potential form to represent ion solvation).
We find that cation-anion motion is more correlated at lower concentrations when other variables are held constant. We demonstrate that this phenomenon is due to the slower ion cluster relaxation rate at low concentrations rather than the static spatial state of ion aggregation or the fraction of free ions. Two takeaways from these results are: 1) In salt-doped polymer systems, the Nernst-Einstein equation is more applicable at higher concentrations, which in contrast to typical electrolytes where correlation in cation-anion motion is often expected to be reduced at low ion concentrations.
2) The number of free ions, which is often expected to be related to ion conductivity, does not fully explain the dynamic ion motion correlations or conductivity.
We consider systems with various ion-monomer and ion-ion solvation strengths. Optimal molar conductivity can be obtained by tuning ion-monomer solvation strength. However, we
show that the window to improve ion conductivity by increasing dielectric constant is smaller at higher concentrations. Stronger ion-monomer interactions causes competing diffusion and ion correlation effects at low concentrations but significantly reduces ion conductivity at high concentrations due to the dominant decrease in the diffusion constant. On the other hand, increasing ion-ion interactions impedes ion conduction regardless of ion concentration.
Finally, at all ion-monomer and ion-ion interactions considered in this work, ion conductivity was found well predicted by ion diffusion at higher concentrations. On the contrary, the degree of uncorrelated ion motion cannot be neglected to accurately calculate ion conductivity at low concentrations. From an experimental standpoint, our results suggest that analysis such as electrophoretic NMR (eNMR) 62 or broadband dielectric spectroscopy (BDS) 9 is needed to probe the actual correlations of ion motion rather than pulsed field gra-dient NMR which measures diffusion of different species. In addition, scaling conductivity or diffusion constant based on fraction of free/dissociated ions in these systems may not be appropriate. 11, 63 By elucidating how these key factors affect ion conductivity and correlations, we hope to provide insight on how to optimize ion conduction in future materials.
